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Epithelial tubes represent fundamental building
blocks of metazoan organisms; however, the
mechanisms responsible for their formation
and maintenance are not well understood.
Here, we show that the evolutionarily conserved
coiled-coil MAGUK protein Dlg5 is required for
epithelial tubemaintenance inmammalian brain
and kidneys.We demonstrate thatDlg5/mice
develop fully penetrant hydrocephalus and kid-
ney cysts caused by a deficiency in membrane
delivery of cadherin-catenin adhesion com-
plexes and loss of cell polarity. Dlg5 travels
with cadherin-containing vesicles and binds to
syntaxin 4, a t-SNARE protein that regulates fu-
sion of transport vesicles with the lateral mem-
brane domain. We propose that Dlg5 functions
in plasma membrane delivery of cadherins by
linking cadherin-containing transport vesicles
with the t-SNARE targeting complex. These
findings show that Dlg5 is causally involved in
hydrocephalus and renal cysts and reveal that
targeted membrane delivery of cadherin-
catenin adhesion complexes is critical for cell
polarity and epithelial tube maintenance.
INTRODUCTION
Multicellular organisms contain a variety of epithelial and
endothelial tubes that are used to channel the passage
of liquids and gases. These tubes vary in size and shape,
but they share central building principles. They are made
by highly polarized cells with distinct basal, lateral, and
apical membrane domains. Defects in tube formation
and maintenance are responsible for multiple human dis-
eases, including obstructive hydrocephalus, kidney cysts,
aneurysms, and vaso-inclusive diseases. Despite the fun-
damental importance of tubes in human biology, the
mechanisms responsible for tube formation and mainte-
nance are only now beginning to be understood (Lubarsky
and Krasnow, 2003).
Mammalian Dlg5/P-Dlg is a PDZ-containing (PSD-95,
Dlg, ZO-1) MAGUK (membrane-associated guanylate
kinase) protein with homology to Drosophila neoplastic338 Developmental Cell 13, 338–350, September 2007 ª2007tumor-suppressor discs large (dlg). Sequence variation
in human DLG5 was initially reported to associate with
inflammatory bowel disease; however, this association
was not observed in some subsequent studies (Buning
et al., 2006; Stoll et al., 2004). Based on sequence similar-
ity, it has been proposed that Dlg5 is another vertebrate
homolog of Drosophila dlg; hence, the gene was named
Dlg5 (Nakamura et al., 1998). Here, we show that Dlg5 is
distinct from the Dlg family and is an evolutionary con-
served gene with orthologs throughout the animal king-
dom. We report that Dlg5 is necessary for the mainte-
nance of epithelial tubes, and Dlg5/ mice develop fully
penetrant obstructive hydrocephalus and renal cysts.
We reveal that, on the cellular level, brain and kidney ab-
normalities in Dlg5/ mice result from the loss of cell po-
larity in the neural progenitor cells and epithelial cells lining
the kidney collecting ducts. In addition, we report that, on
the molecular level, Dlg5 is required for efficient delivery
and stabilization of cadherin-catenin adhesion complex
at the plasma membrane, and interaction between Dlg5
and t-SNARE membrane targeting complex may be
responsible for these functions.
RESULTS
Dlg5 Is Distinct from the Dlg Family
and Is an Evolutionarily Conserved Gene
Todetermine the expressionpattern of Dlg5,weperformed
northern blot analyses (Figure 1A and data not shown). A
single Dlg5 transcript was expressed in multiple organs.
The 7.8 kb size of Dlg5 mRNA was significantly larger
than the originally published Dlg5 sequence (Nakamura
et al., 1998). Analyses of mouse and human genome se-
quences revealed high-similarity regions located upstream
fromDlg5.Weconfirmed thepresenceofanadditional cod-
ing exon in the Dlg5 sequence by using RT-PCR and north-
ern blot experiments (data not shown). This exon of Dlg5
had an ATG surrounded by a strong Kozak consensus se-
quence and was coding for the N-terminal CARD domain.
Thus, the completemouseDlg5cDNAencodesa largepro-
tein containing theCARD,Duff, coiled-coil, fourPDZs,SH3,
and GUK domains (Figure 1B, GB# AK147699).
Blast analyses revealed orthologous Dlg5 genes in evo-
lutionarydistant species, suchasDrosophilamelanogaster
(GB# NM_135661); zebra fish, Danio rerio (GB# XP_
697520.1); and chicken, Gallus gallus (GB# XP_421604.1)
(Figure 1B). The size and domain organization of Dlg5differElsevier Inc.
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Epithelial Tube Maintenance Defects in Dlg5/ MiceFigure 1. Fusion of the Aqueduct, Failure of Ependymal Cell Differentiation, and Severe Hydrocephalus in Dlg5/ Mice
(A) The expression pattern of Dlg5 in adult mouse organs. Northern blot analysis with Dlg5 and b-actin probes.
(B) The domain organization of mouse, human, chick, zebrafish, and Drosophila Dlg5 proteins and Drosophila Dlg. The numbers on the right denote
the percent similarity between mouse Dlg5 and Dlg5 in other species.
(C) Generation of Dlg5 knockout mice. Schematic representation of the wild-type (WT) allele, targeting vector (VECTOR), and the resulting targeted
allele (TARGETED). ATG indicates the initiating methionine in exon 2.
(D) Southern blot analyses of wild-type (wt) and targeted (ko) ES clones with the 30 probe outside the targeting construct.
(E) PCR amplification of wild-type and knockout alleles from heterozygous (het) and knockout (ko) mice with primers 1, 2, and 3, shown in (C).
(F) Western blot analyses of proteins extracted from P7 brains of Dlg5/ and wild-type animals by using sequential extraction with phosphate-buff-
ered saline (PBS), 1% Triton X-100 buffer (IP), and 1% SDS. The blot was analyzed with anti-Dlg5 and anti-b-actin antibodies.
(G and G0) Haematoxylin and eosin (H&E) staining of coronal hippocampal sections from P21 wild-type (WT) and Dlg5/ (KO) brains. Note the severe
dilation of the lateral ventricles in the Dlg5/ brain (asterisks) and disorganization of the third ventricle (3v).
(H–I0) H&E staining of P0 coronal brain sections at the level of the aqueduct. Boxed areas containing the aqueduct in (H) and (H0) are shown at higher
magnification in (I) and (I0). Note the closure of the aqueduct (Aq, arrow) in Dlg5/ mice.
(J) Model of the ventricular tube defect in Dlg5/ brains. The apical surfaces of cells forming the tube are facing the lumen (lu).
(K–M0) Lateral ventricular surfaces from P7 mice stained with (K and K0) H&E, (L and L0) anti-S100 (ependymal cell marker), and (M and M0 ) anti-acet-
ylated tubulin (aT, green, cilia marker), and polaris (Pol, red) antibodies. DAPI (blue) in (L)–(M0) stains cell nuclei. Note the absence of ciliated ependy-
mal cells in the Dlg5/ brain.
The scale bar in (G0) represents 1 mm in (G) and (G0), 0.4 mm in (H) and (H0), 70 mm in (K) and (K0), and 40 mm in (L)–(M0).from those of classic Dlg family proteins, which are devoid
of the N-terminal CARD, Duff, and coiled-coil domains.
Thus, we conclude that Dlg5 is a unique and evolutionarily
conserved protein. Evolutionary conservation of Dlg5
suggests a unique and important function.DevelopmeGeneration of Dlg5 Knockout Mice
Dlg5 is an evolutionarily conserved gene; however, its in
vivo function is unknown, since no organisms with amuta-
tion in Dlg5 have been previously generated and charac-
terized. To reveal the functional role ofDlg5, we generatedntal Cell 13, 338–350, September 2007 ª2007 Elsevier Inc. 339
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Epithelial Tube Maintenance Defects in Dlg5/ MiceDlg5 knockout mice (Figures 1C–1F). Exon 2 was disrup-
ted with the IRES-b-geo-polyA cassette, creating a stop
codon after the first 25 amino acids of Dlg5, which lacked
any functional domains. Western and northern blot analy-
ses showed complete absence of the Dlg5 protein and
mRNA in these mice (Figure 1F and data not shown). We
concluded that we generated mice with the null allele of
Dlg5.
Closure of the Aqueduct Leads to Severe
Hydrocephalus in Dlg5/ Brains
Although Dlg5+/ mice appeared to be indistinguishable
from their wild-type counterparts, Dlg5/ mice displayed
growth retardation (Figure S1; see Supplemental Data
available with this article online). The mutant pups devel-
oped a characteristic dome-like appearance of their
heads. Histological analyses of Dlg5/ brains revealed
fully penetrant hydrocephalus (n = 20) with severe disorga-
nization of the third brain ventricle and massive dilation
and fusion of the lateral brain ventricles (Figures 1G and
1G0; Figure S2). The surviving adult Dlg5/ mice devel-
oped a hopping gait (Movie S1), similar to hydrocephalic
hyh mice (Chae et al., 2004).
To determine the cellular defect responsible for hydro-
cephalus, we performed a histological survey of newborn
Dlg5/ brains. Aqueduct of Sylvius, a tube connecting
the third and fourth ventricles of the brain, was closed in
postnatal day 0 (P0)Dlg5/ brains (Figures 1H–1I0) (n = 6).
While the cells lining the aqueduct were well organized in
the wild-type mice, they were disorganized and failed to
keep the aqueduct open in Dlg5/ brains (Figures 1I–1J).
We conclude that the closure of the aqueduct is respon-
sible for hydrocephalus in Dlg5/ mice. Thus, Dlg5 is
necessary for the maintenance of the epithelial tube and
ventricular lining in the mammalian brain.
Hydrocephalus in Dlg5/ Brains Is Accompanied
by Loss of Ependymal Cells and Disorganization
of the Subventricular Stem Cell Niche
Ependymal cells form a continuous layer of multiciliated
cells lining the ventricles (Spassky et al., 2005). Loss of
ependymal cells, or denudation, can accompany hydro-
cephalus of various etiologies (Page and Leure-duPree,
1983; Sarnat, 1995). To study ependymal cells in Dlg5/
brains, we analyzed the ventricular surface of P7 mice
by using histology and markers of ependymal cells
(S100) and cilia (acetylated tubulin and polaris). While cu-
boidal, multiciliated cells expressing S100, acetylated
tubulin, and polaris were present on the surface of the
wild-type ventricles, these cells were absent in Dlg5/
brains (Figures 1K–1M0). Therefore, Dlg5 is required for
the formation of ependymal cells, and the ventricular sur-
face is denuded in Dlg5/ brains. Denudation of the ven-
tricular lining may disturb the normal flow of cerebrospinal
fluid and contribute to hydrocephalus in Dlg5/ brains.
Histological analyses of lateral ventricles from P7–P21
Dlg5/ brains revealed foci of abnormal cell accumula-
tion, randomly distributed along the ventricular surface
(Figures S3A–S3C0). These foci contained a hetero-340 Developmental Cell 13, 338–350, September 2007 ª2007geneous population of proliferating cells expressing glial
fibrillary acidic protein, GFAP (stem cell and astrocyte
marker [Garcia et al., 2004]), Dcx2 (transient-amplifying
cell marker [Doetsch et al., 2002]), and nestin (neural pro-
genitor cell marker [Lendahl et al., 1990]) and did not ex-
press ependymal cell marker S100 (Figures S3D–S3J0).
The cell-type-specific staining pattern and histology of
dysplastic foci of Dlg5/ brains were remarkably similar
to those of the stem cell niche in the subventricular zone
in wild-type brains. We conclude that, in the absence of
the ependymal cell layer in Dlg5/ brains, cells in the
subventricular zone become disorganized and form dys-
plastic foci.
Disruption of Epithelial Cell Polarity, Loss of Cilia,
and Kidney Cysts in Dlg5/ Mice
Inaddition to tubemaintenancedefects in thebrain,Dlg5/
mice displayed severe epithelial tube maintenance de-
fects in kidneys. Histological examination of Dlg5/ kid-
neys revealed the formation of renal cysts (Figures 2A
and 2A0). The phenotype was fully penetrant and varied
from small cyst-like structures to large fluid-filled cysts.
The large cysts were not lined by the polarized epithelial
layer, but instead displayed a fibrous surface (inset in Fig-
ure 2A0). The blood urea nitrogen (BUN) levels were signif-
icantly higher in the mutant mice, suggesting impaired
kidney function (Figure 2B). Whereas newborn Dlg5/
kidneys were histologically undistinguishable from their
wild-type counterparts, we observed dilations in kidney
collecting ducts in the pelvis of P3 Dlg5/ kidneys (Fig-
ures 2E and 2E0). Immunostaining with cell-type-specific
markers revealed that the majority of cysts in Dlg5/ kid-
neys were of collecting duct origin (Figures 2C and 2D).
Interestingly, we found that collecting ducts express high
levels of Dlg5 in wild-type mice (Figure S4).
Epithelial cells in the collecting ducts are highly polar-
ized and contain distinct apical, lateral, and basal mem-
brane domains. Immunofluorescence staining of collect-
ing ducts for the cell polarity marker aPKC revealed that
while all wild-type tubes displayed apical localization of
aPKC, many tubes in Dlg5/ kidneys show loss of apical
localization of aPKC, suggesting early defects in cell po-
larity (Figures 2G and 2G0). In addition, dilated collecting
ducts in Dlg5/ kidneys failed to express the apical
membrane marker Aquaporin-2 (Figures 2F and 2J; Fig-
ure S5). Immunostaining for the lateral membrane marker
E-cadherin revealed the presence of a distinct lateral
membrane domain in Dlg5/ cells; however, E-cadherin
staining was disorganized and appeared to be more dif-
fuse in mutant cells (Figures 2G and 2G0). Formation of
renal cysts may result from abnormalities in primary cilia,
representing extensions of the apical membrane domain
(Zhang et al., 2004). Immunostaining with anti-acety-
lated-tubulin antibodies (cilia marker) revealed that, while
cilia were present on Dlg5/ cells lining nondilated tubes,
they were missing on cells lining dilated tubes and cyst-
like structures (Figures 2H–2I). We concluded that loss
of cell polarity and the subsequent loss of cilia are theElsevier Inc.
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Epithelial Tube Maintenance Defects in Dlg5/ MiceFigure 2. Loss of Cell Polarity and Renal Cysts in Dlg5/ Mice
(A and A0) H&E staining of kidneys from P21 wild-type (WT) andDlg5/ (KO)mice. Note the multiple cysts (asterisks) in themutant kidney. The inset in
(A0) shows the boxed area in high magnification.
(B) Blood urea nitrogen (BUN) of 3.5- and 6.5-month-old mutant (ko) and wild-type (wt) mice. The p value was determined by a t test.
(C and D) Immunostaining of P7 early kidney cysts with DBA, a marker of collecting ducts, and THP, a marker of distal ascending tubules. Only%2%
of cysts were positive for THP.
(E and E0) H&E staining of kidneys from P3 wild-type (WT) and Dlg5/ (KO) mice. Note the developing cysts in the kidney pelvis (asterisk).
(F) Immunostaining of Dlg5/ P3 kidney with anti-Aquaporin-2 (Aq) antibodies. Note the loss of Aquaporin-2 in the small cyst (asterisk).
(G and G0) Immunostaining of collecting ducts from wild-type (WT) and Dlg5/ (KO) kidneys with anti-aPKC and anti-E-cadherin (E-cad) antibodies.
(H–I) Immunostaining of collecting ducts from wild-type (WT) and Dlg5/ (KO) kidneys with anti-acetylated tubulin (aTub, cilia marker) and anti-E-
cadherin (E-cad) antibodies. (I) Note the loss of tubulin staining in the cyst (asterisk, arrow).
(J) Immunostaining of a kidney from Dlg5/ mice with anti-b-catenin (b-cat) and anti-Aquaporin-2 (Aq) antibodies. The arrow points to loss of cells
into the lumen of a small cyst (asterisk).
(K–L00 0) H&E staining of ureteropelvic junctions (UPJs) and ureters from P3 wild-type (WT) and Dlg5/ (KO) mice. Note the (K0 ) disorganization and
partial fusion of the collecting duct in UPJ, (L0) constriction of the ureter, and (L00–L00 0) ureteral polyps in Dlg5/ mice.
The scale bar in (A0) represents 1 mm in (A) and (A0), 0.4 mm in (E) and (E0), 150 mm in (F), 100 mm in (C), (D), and (K–L00 0), and 40 mm in (G)–(J).Developmental Cell 13, 338–350, September 2007 ª2007 Elsevier Inc. 341
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Epithelial Tube Maintenance Defects in Dlg5/ MiceFigure 3. Disruption of Adherens Junctions and Loss of Cell Polarity as the Cellular Basis of the Epithelial Tube Maintenance
Defect, Closure of the Aqueduct, and Hydrocephalus in Dlg5/ Brains
(A–G0) Coronal sections from E15.5Dlg5/ (KO) and wild-type (WT) brains at the level of the third ventricle stained with (A and A0) H&E or the following
antibodies: (B and B0) anti-Nestin (neural progenitor cell marker) and anti-Dcx2 (newly born neurons); (C and C0) anti-pericentrin (cilia basal body
and centrosomal cell polarity marker); (D and D0) anti-aPKC (apical membrane cell polarity marker); (E and E0) anti-N-cadherin (N-cad, AJ marker);
(F and F0) anti-ZO-1 (tight and AJ marker); (G and G0) anti-b-catenin (b-cat, AJ marker) and anti-Ki-67 (proliferating cell marker). Note loss of cell
polarity and mislocalization of AJ proteins in Dlg5/ progenitors (arrows).
(H and H0) Coronal brain section from the E13.5 wild-type brain stained with (H) anti-Dlg5 and (H0 ) anti-Dlg5 and anti-b-catenin antibodies. Staining
patterns and corresponding antibodies are color-coded.
The scale bar in (A) represents 100 mm in (A)–(A0), 300 mm in (B) and (B0 ), 60 mm in (C)–(G0), and 40 mm in (H) and (H0).earliest detectable defects that coincide with or precede
the formation of epithelial cysts in Dlg5/ mice.
To reveal additional defects in kidneys of Dlg5/ mice,
we performed cross-sections through the kidney pelvic re-
gion, theureteropelvic junction (UPJ), and theureter. Incon-
trast to well-organized and open kidney pelvis papillary
ducts at the UPJs in wild-type mice, papillary ducts in
Dlg5/kidneysweredisorganizedandoften failed tomain-
tain tubeopenings (Figures 2K and 2K0, two out of sixmice).
In addition, Dlg5/ ureters displayed constriction (four out
of six mice) and formation of ureteral polyps (two out of six
mice) (Figures 2L–2L00 0). These abnormalities may result in
the partial obstruction of the flowof urine inDlg5/ kidneys
and contribute to renal cyst formation in Dlg5/ mice.
Therefore, in addition to classic polycystic kidney defects,
Dlg5/ kidneys showed occasional occlusion of collecting342 Developmental Cell 13, 338–350, September 2007 ª2007 Educts, constriction of the ureter, and formation of ureteral
polyps (Figures 2K–2L00 0). These abnormalities are charac-
teristic of congenital obstructive hydronephrosis. The pres-
ence of a combination of abnormalities characteristic of
both polycystic kidney disease and hydronephrosis may
be a unique hallmark of Dlg5/ kidneys.
Loss of Cell Polarity and Disorganization of Apical
Junctional Adhesion Complexes in Dlg5/
Neural Progenitors
Similar to kidney collecting ducts, brain ventricular sur-
faces are lined with highly polarized cells. These cells
are organized as pseudostratified epithelium, contain cilia
at the apical membrane domain, and form prominent
apical junctional adhesion complexes at the ventricular
surface (Chenn et al., 1998). To determine whether losslsevier Inc.
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Epithelial Tube Maintenance Defects in Dlg5/ Miceof cell polarity in Dlg5/ neural progenitors may be re-
sponsible for closure of the aqueduct, we analyzed this
area of the brain early in development. While Dlg5/ pro-
genitors from embryonic day 13.5 (E13.5) brains were
undistinguishable from their wild-type counterparts, pro-
genitors in E15.5 mice were disorganized and failed to
form a polarized epithelial layer (Figures 3A–3B0). Staining
with the cell polarity markers pericentrin (centrosomal and
cilia basal body marker) and aPKC (apical membrane
marker) revealed loss of polarity in Dlg5/ progenitor
cells (Figures 3C–3D0). In addition, while the apical junc-
tional complex proteins N-cadherin, b-catenin, and ZO-1
were localized at the ventricular surface of the wild-type
progenitors, these proteins were mislocalized in Dlg5/
cells (Figures 3E–3G0). Instead of accumulating at the
ventricular surface, the adherens junction (AJ) protein
N-cadherin displayed punctate cytoplasmic localization
in Dlg5/ progenitors (Figure 3E0). Defects in epithelial
layer maintenance, polarity, and adhesion in embryonic
Dlg5/ progenitors were found primarily around the third
ventricle and the future aqueduct region, and they were
not as prominent in other regions of the brain. This selec-
tivity can be at least partially explained by the prominent
expression of Dlg5 in areas of the third ventricle and aque-
duct in wild-type mice (Figure S4).
Defects in localization of AJ proteins in Dlg5/ cells
were potentially interesting because disruption of AJs in
the embryonic brain can lead to loss of polarity and disor-
ganization of neural progenitors (Lien et al., 2006). We
found that Dlg5 colocalized with b-catenin in neural pro-
genitor cells in vivo (Figures 3H and 3H0). In addition,
GFP-tagged E-cadherin and Strawberry-tagged Dlg5 co-
localize at the AJs in stably transfectedmammalianMDCK
cells (Figure S6). Therefore, we hypothesized that Dlg5
was necessary for proper localization of AJ proteins, and
loss of Dlg5 could have resulted in disorganization of
AJs and a subsequent loss of polarity, cell adhesion,
and, ultimately, failure of epithelial tube maintenance.
Impaired Cadherin-Catenin Complex Formation
and Decreased Cell-Surface Levels of N-Cadherin
in Dlg5/ Progenitor Cells
Since immunostaining revealed mislocalization of AJ pro-
teins in Dlg5/ brains, we used a biochemical approach
to analyze the subcellular distribution of N-cadherin and
b-catenin in more detail. To determine whether N-cad-
herin is properly localized at the cell surface in Dlg5/
cells, we analyzed the cell-surface levels of N-cadherin
inDlg5/ progenitors. We found that, despite overall sim-
ilar levels of N-cadherin in wild-type andmutant cells, cell-
surface levels of N-cadherin and b-catenin, associated
with N-cadherin, were significantly reduced in Dlg5/
progenitors (Figures 4A and A0). We conclude that Dlg5
is necessary for cell-surface stabilization of the cadherin-
catenin protein complex in neural progenitor cells. Re-
markably, these changes were not restricted to progeni-
tors around the third ventricle, but they were seen in total
brain neural progenitors, suggesting that the proper local-Developmeization of the cadherin-catenin complex is a general func-
tion of Dlg5.
We next analyzed whether Dlg5 is necessary for the in-
tegrity of AJs. Coimmunoprecipitation experiments reveal
decreased levels of N-cadherin and a-catenin in the
cadherin-catenin complexes immunoprecipitated from
Dlg5/ brains with anti-b-catenin antibodies (Figures 4B
and 4B0). In addition, coimmunoprecipitation experiments
indicate that Dlg5 physically interacts with b-catenin in
the wild-type brain (Figure 4B). We found two b-catenin-
binding sites in Dlg5: in its N-terminal and PDZ3-PDZ4 do-
mains (Figures 4C–4E). Dlg5 was interacting not only with
b-catenin, but also with cadherin, revealing the existence
of cadherin-b-catenin-Dlg5 protein complexes (Figure S7).
The coiled-coil domain of Dlg5 is a unique feature that
distinguishes it from all other Dlg family members. Self-
association is one of the potential functions of the
coiled-coil domains. To determine whether Dlg5 can self-
associate, we performed coimmunoprecipitation experi-
ments with a variety of tagged Dlg5 proteins. Dlg5
displayed prominent self-association, and subsequent
experiments revealed that the N-terminal part containing
the coiled-coil domain was primarily responsible for this
function (Figure 5). In addition, PDZ3-PDZ4 and SH3-
GUK domains of Dlg5 also displayed self-association abil-
ities and were able to bind to the N-terminal part of Dlg5,
indicating an additional possibility of a head-to-tail oligo-
merization or intramolecular interaction of the N terminus
with the C terminus of the protein. Self-association of Dlg5
could result in the formation of large protein complexes
containing multiple b-catenin-binding domains that can
scaffold and stabilize cadherin-catenin complexes at the
plasma membrane.
Impaired Cell-Surface Delivery and Stabilization
of the N-Cadherin-Catenin Complex in Dlg5/
MEF Cells
To investigate themechanismof Dlg5 function responsible
for localization of cadherin-catenin complexes to the AJ,
we utilized primary mouse embryonic fibroblasts (MEFs).
Similar to neural progenitor cells, MEFs depend on N-cad-
herin to formAJs (Teng et al., 2005).We found thatDlg5/
MEFs also exhibited significantly reduced levels of cell-
surface N-cadherin (Figures 6A and 6A0) and displayed de-
creased junctional localization of the AJ proteins N-cad-
herin, b-catenin, and p120-catenin (Figure S8). Reduced
levels of cell-surface N-cadherin can result from deficient
delivery or stabilization of the protein at the plasma mem-
brane. To determine which of these functions was im-
paired inDlg5/MEFs,weperformedpulse-chase exper-
iments to analyze thedynamicsof cell-surfaceappearance
and retention of 35S-labeled N-cadherin (Davis et al., 2003;
Teng et al., 2005). The levels and dynamics of the cell-sur-
face appearance of N-cadherin in Dlg5/ MEFs revealed
defects in both delivery and stabilization of the protein at
the plasmamembrane (Figures 6B and 6B0, n = 4).We con-
clude that Dlg5 is necessary for cell-surface delivery and
stabilization of cadherin-catenin complexes.ntal Cell 13, 338–350, September 2007 ª2007 Elsevier Inc. 343
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Epithelial Tube Maintenance Defects in Dlg5/ MiceFigure 4. Decrease in Cell-Surface Levels and Destabilization of AJ Protein Complexes in Dlg5/ Progenitors
(A) Decrease in plasma membrane-associated levels of AJ proteins in Dlg5/ neural progenitors. Cell-surface proteins on isolated Dlg5/ (ko) and
wild-type (wt) progenitors were biotinylated, immunoprecipitated with streptavidin-Sepharose, and analyzed by blot (WB) with anti-N-cadherin
(N-cad), anti-b-catenin (b-cat), and anti-b-actin antibodies. Note the similar levels of total, but decreased levels of cell-surface N-cadherin and
N-cadherin-associated b-catenin, proteins. Arrows point to the precursor and processed N-cadherin. Note the absence of the precursor and b-actin
in streptavidin pull-downs.
(A0) Quantitation of experiments similar to the one shown in (A). Ratios of plasma membrane to total levels of N-cadherin and b-catenin in wild-type
cells arbitrarily assumed as 1 ± standard error (n = 3). The p value was determined by using an ANOVA test.344 Developmental Cell 13, 338–350, September 2007 ª2007 Elsevier Inc.
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Epithelial Tube Maintenance Defects in Dlg5/ MiceDlg5 Localizes to AJs and N-Cadherin-Containing
Vesicles and Facilitates Delivery of N-Cadherin
to the AJs in Live MEFs
In normal cells, newly synthesized N-cadherin quickly as-
sociates with b-catenin and is delivered from the Golgi to
the plasma membrane via secretory vesicles (Mary et al.,
2002). To analyze the dynamics of Dlg5 and N-cadherin
in live cells, we electroporated wild-type and Dlg5/
MEFs with N-cadherin-GFP and Strawberry-Dlg5 expres-
sion constructs. We found that 20 hr postelectroporation,
N-cadherin-GFP was localizing to the cytoplasmic vesi-
cles and the AJs in wild-type MEFs (Figures 6C–6E00,
green). Interestingly, Strawberry-Dlg5 also showed vesic-
ular and, to a lower degree, AJ localization that signifi-
cantly, but not completely, overlapped with N-cadherin-
GFP (Figures 6C–6E00, red). Remarkably, while themajority
of the wild-type cells electroporated with N-cadherin-GFP
(89%) displayed the protein at the AJs at 20 hr after trans-
fection, only half (49%) of the Dlg5/MEFs showed junc-
tional N-cadherin-GFP (Figures 6G–6H). The majority of
N-cadherin-GFP in mutant cells was localized to the cyto-
plasmic perinuclear vesicles. Simultaneous electropora-
tion of Dlg5/ MEFs with N-cadherin-GFP and Straw-
berry-Dlg5 constructs partially rescued this defect
(Figures 6F, 6G00, and 6H). To determine the identity of
Dlg5-positive vesicles, we stained MEFs and MDCK cells
withaseriesof vesiclemarkers, includingRab-11, amarker
of recycling endosomes; Rab-8, a marker of trans-Golgi
vesicles; Rab-5 and EEA1, early endosomal markers;
and GM130, a Golgi marker. While Dlg5-containing vesi-
cles were negative for Rab-5, Rab-8, EEA1, and GM130
(data not shown), we found partial overlap between Rab-
11- and Dlg5-positive vesicles (Figure S9). Interestingly,
cadherin-carrying transport vesicles fuse with Rab-11-
positive endosomes on their route to the plasma mem-
brane (Lock and Stow, 2005). We conclude that Dlg5
accompanies newly synthesized N-cadherin as it is trans-
ported from the Golgi to the plasma membrane.
Dlg5 Binds to Syntaxin 4 and May Facilitate
Targeted Cadherin Delivery by Linking Cadherin-
Catenin-Carrying Transport Vesicles with
the t-SNARE Complex at the Plasma Membrane
Efficient and targeted delivery of N-cadherin requires teth-
ering and a SNARE-dependent fusion of N-cadherin-b-
catenin-containing vesicles with the AJs. We hypothe-
sized that Dlg5 may facilitate targeted membrane delivery
of the cadherin-catenin complex by interacting with the
SNAREmembrane fusion machinery. We analyzed poten-
tial interactions between Dlg5 and SNARE proteins andDevelopmenfound that endogenous Dlg5 in brains and kidneys physi-
cally associates with syntaxin 4 (Figures 7A and 7B),
a t-SNARE protein responsible for vesicle delivery to the
basolateral membrane domain (ter Beest et al., 2005).
This interaction was specific for syntaxin 4, as we found
no binding between Dlg5 and syntaxins 2 and 3 (data
not shown). Syntaxin 4 colocalized with Dlg5 on cytoplas-
mic vesicles and AJs (Figures 7D–7E00 0). Cotransfection
experiments with full-length and truncated fragments of
Dlg5 revealed that PDZ1-PDZ2 and PDZ3-PDZ4 domains
of Dlg5 are involved in the interaction with syntaxin 4 (Fig-
ure 7C; Figure S10). It is likely that these domains have
a redundant function, because deletion of either PDZ1-
PDZ2 or PDZ3-PDZ4 domains was not sufficient for gen-
eration of the nonfunctional protein (Figure S11).
To summarize, we propose that Dlg5 utilizes its multiple
b-catenin- and syntaxin 4-binding domains to link cad-
herin-carrying transport vesicles to the t-SNARE vesicle
targeting complex at the lateral membrane domain of po-
larized cells (Figure 7F). In addition, it can potentially use
its self-association and b-catenin-binding regions to clus-
ter and stabilize cadherin-catenin complexes at the AJs.
These mechanisms can ensure targeted delivery and sta-
bilization of cadherin-catenin complexes to maintain
polarity of cells forming epithelial tubes.
DISCUSSION
Maintenance of Cell Polarity by Targeted Plasma
Membrane Delivery and Stabilization of the
Cadherin-Catenin Complex Is a Critical
Function of Dlg5
Dlg5 is a member of the MAGUK family of proteins. These
molecules, especially the Dlgs, have been implicated in
regulation of membrane protein targeting. Mammalian
Dlg1/SAP97 and Dlg4/PSD-95 are involved in synaptic
membrane clustering of AMPA receptors and ion channel
proteins (Cai et al., 2006; Tiffany et al., 2000). While Dlg2/
PSD-93/ mice do not show avert abnormalities, Dlg4/
PSD-95/mice are live and fertile, but show learning dis-
abilities due to changes in synaptic transmission (McGee
et al., 2001; Migaud et al., 1998). Mice with truncation of
Dlg1 display craniofacial malformations (Caruana and
Bernstein, 2001), and Dlg1/ animals show misorienta-
tion of smooth muscle cells in the ureter (Mahoney et al.,
2006). Dlg5 is a unique MAGUK protein. While it shares
many structural features with Dlg family proteins, it con-
tains a unique N terminus carrying the coiled-coil, Duff,
and CARD domains. Similar to other Dlgs, Dlg5 facilitates
membrane protein targeting. However, instead of(B) Destabilization of AJ complexes in Dlg5/ brains. Total protein extracts from E15.5 Dlg5/ (ko) and wild-type (wt) brains were immunoprecip-
itated (IP) with anti-b-catenin (b-cat) antibodies and blotted (WB) with anti-b-catenin, anti-a-catenin (a-cat), anti-N-cadherin (N-cad), and anti-Dlg5
antibodies.
(B0) Quantitation of experiments similar to the one shown in (B). Levels of a-catenin and N-cadherin in b-catenin IPs from wild-type extracts arbitrarily
assumed as 1 ± standard deviation (n = 4). The p value was determined by using an ANOVA test.
(C–E) Identification of Dlg5 domains involved in binding to b-catenin. (C) Dlg5 constructs used in immunoprecipitation experiments in (D) and (E) and
summary of binding results. (D and E) Indicated Dlg5 constructs were transfected into HEK293 cells, and proteins were immunoprecipitated (IP) with
(D) anti-V5 or anti-Dlg5 antibodies directed against part of (E) construct #4 and analyzed by blotting (WB) with anti-V5 anti-b-catenin (b-cat) or anti-
Dlg5 antibodies.tal Cell 13, 338–350, September 2007 ª2007 Elsevier Inc. 345
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Epithelial Tube Maintenance Defects in Dlg5/ MiceFigure 5. Self-Association of Dlg5 and Identification of Dlg5 Domains Responsible for Self-Association
(A) Self-association of full-length Dlg5. Constructs encoding GFP or V5-tagged Dlg5 proteins were cotransfected into HEK293 cells. The proteins
were immunoprecipitated (IP) with anti-V5 or anti-GFP antibodies and were analyzed by western blot (WB) with anti-GFP or anti-V5 antibodies.
(B) Schematic representation of Dlg5 constructs and a summary of binding results. ‘‘ND’’ indicates ‘‘not determined.’’
(C–F) Indicated V5-tagged full-length Dlg5 or its fragments were cotransfectedwith GFP-tagged full-length Dlg5 or its fragments, immunoprecipitated
(IP) with anti-GFP antibodies, and analyzed by western blot (WB) with anti-V5, anti-GFP, and anti-Dlg5 antibodies. Protein tags are as shown. Con-
struct #4, without tag, was revealed by blotting with anti-Dlg5 antibody. The identity of Dlg5 constructs is encoded by the construct number shown
in (B). (C) Interaction between full-length Dlg5 and its fragments. Note the strong binding of the N-terminal part of Dlg5 containing the coiled-coiled
domain (V5-2) and a weaker binding of PDZ3-PDZ4 (V5-5) and SH3-GUK domains of Dlg5 (V5-6). (D) Interaction between the N-terminal part of Dlg5
(Gfp-2 or V5-2) and other Dlg5 fragments that bind to full-length Dlg5. Note the self-association of the N-terminal part of Dlg5 (V5-2 and Gfp-2) and
binding to PDZ3-PDZ4 (V5-5). (E) Interaction between the PDZ3-PDZ4 domains of Dlg5 (V5-5, Gfp-5) and other Dlg5 fragments that bind to full-length
Dlg5. Note the self-association of the PDZ3-PDZ4 domains of Dlg5 (V5-5 andGfp-5) as well as its binding to the N-terminal part of Dlg5 (Gfp-2) and the
C-terminal SH3-GUK domains (Gfp-6). (F) Self-association of the C-terminal SH3-GUK domain of Dlg5 (Gfp-6 and V5-6).346 Developmental Cell 13, 338–350, September 2007 ª2007 Elsevier Inc.
Developmental Cell
Epithelial Tube Maintenance Defects in Dlg5/ MiceFigure 6. Dlg5 Associates with Cadherin-Carrying Transport Vesicles, and it Is Necessary for Membrane Delivery and Stabilization
of Cadherin-Catenin Complexes
(A) Decreased levels of cell-surface N-cadherin in Dlg5/ MEFs. Total proteins from cell-surface biotinylated MEFs were sequentially immunopre-
cipitated (IP) with anti-N-cadherin antibodies and streptavidin beads and were analyzed by immunoblotting with anti-N-cadherin (N-cad) antibodies.
(A0) Quantitation of the experiment shown in (A). Ratios of cell-surface to total N-cadherin in wild-type cells arbitrarily assumed as 1.
(B) Decrease in cell-surface delivery and stabilization of N-cadherin in Dlg5/ MEFs. Pulse-chase analysis of cell-surface 35S-methionine/cysteine-
labeled N-cadherin.
(B0) Quantitation of the experiment shown in (B). The graph displays the ratios of surface to total levels of 35S-labeled N-cadherin in wild-type (wt) and
knockout (ko) cells at different time points.
(C–E00) Dlg5 colocalizes with newly synthesized N-cadherin on the cytoplasmic vesicles and at the AJs in live MEFs. Wild-type MEFs were electro-
potated with N-cadherin-GFP (N-cad-GFP, green) and Stawberry-Dlg5 (Dlg5Str, red) constructs. Localization of GFP and Strawberry proteins
was detected by live-cell microscopy. Areas in boxes in (C) that contain transport vesicles (lower box) and AJs (upper box) are shown at a higher
magnification in (D)–(D00) and (E)–(E00), respectively. White arrows denote colocalization between N-cadherin and Dlg5 proteins.
(F) Total protein extracts from wild-type (wt) brain (Br), Dlg5/ (ko) and wild-type (wt) MEFs, and Dlg5/ MEFs electroporated with the Strawberry-
Dlg5 expression construct (ko+Dlg5) were analyzed by blotting with anti-Dlg5 and anti-b-actin antibodies.
(G–G00) Wild-type (WT) and Dlg5/ (KO) MEFs were electroporated with (G and G0) N-cadherin-GFP or (G00) N-cadherin-GFP and Strawberry-Dlg5
constructs and imaged for GFP and Strawberry. Note the prominent localization of N-cadherin-GFP to cell-cell junctions in (G) wild-type, but not
in (G0 ) Dlg5/, MEFs, and (G00) rescue of this defect in Dlg5/ MEFs cotransfected with Strawberry-Dlg5.
(H) Quantitation of experiments shown in (G)–(G00). The percentage of transfected cells (n = 60–110) showing junctional staining for N-cadherin-GFP
was quantified, and statistical significance was determined by ANOVA analysis.
The scale bar in (C) represents 10 mm in (C), 8 mm in (G)–(G00), and 2 mm in (D)–(E00).targeting and clustering the synaptic proteins, Dlg5 func-
tion is more general, as it is necessary for targeting and re-
tention of the cadherin-catenin adhesion complex in many
different cell types. Since the mechanisms responsible for
the function of classic mammalian Dlgs (PSD-95, PSD-93,
SAP-102) in synaptic targeting are still poorly understood,
it will be interesting to determine whether the interaction
described here between Dlg5 and the t-SNARE transportDevelopmenvesicle fusion machinery represents a function conserved
in other Dlg proteins.
Disorganization of Intercellular Adhesion and Loss
of Cell Polarity as Causal Factors in Obstructive
Hydrocephalus and Renal Cysts in Dlg5/ Mice
Loss of cell polarity and tissue disorganization are the pri-
mary cellular defects responsible for hydrocephalus intal Cell 13, 338–350, September 2007 ª2007 Elsevier Inc. 347
Developmental Cell
Epithelial Tube Maintenance Defects in Dlg5/ MiceFigure 7. Interaction between Dlg5 and Syntaxin 4, a t-SNARE Protein Involved in Basolateral Vesicle Transport
(A and B) Association between endogenous Dlg5 and syntaxin 4 (STX4) proteins in (A) E13.5 brains and (B) P1 kidneys. Total protein lysates were
immunoprecipitated (IP) with anti-Dlg5 immune and preimmune serum and were analyzed by blotting (WB) with anti-Dlg5 or anti-syntaxin 4 anti-
bodies.
(C) Coimmunoprecipitation of full-length Dlg5 and syntaxin 4 proteins expressed in HEK293 cells. The Dlg5 construct was cotransfected with
V5-tagged syntaxin 4 (STX4), and immunoprecipitates with anti-Dlg5 or anti-V5 antibodies were analyzed by western blot with anti-Dlg5 or anti-V5
antibodies.
(D) Colocalization of Dlg5 (red) and syntaxin 4 (green) inMEFs, electroporatedwith the fluorescently labeled Strawberry-Dlg5 and V5-syntaxin 4, fixed,
and stained with anti-V5 antibody.
(E) Colocalization of syntaxin 4 (blue) with Dlg5 (red) and E-cadherin (green). The V5-syntaxin 4 construct was electroporated into MDCK cells stably
expressing Strawberry-Dlg5 and E-cadherin-GFP; cells were fixed and stained with anti-syntaxin 4 antibody.
(F) Model of Dlg5 function in plasma membrane delivery of cadherin-catenin adhesion complexes by linking the t-SNARE vesicle targeting complex
with N-cadherin/b-catenin-carrying transport vesicles.
The scale bar in (D) represents 15 mm in (D), 2 mm in (D0)–(D00 0), and 25 mm in (E)–(E00 0).Dlg5/ animals. Indeed, nonpolarized and disorganized
progenitors in the developing Dlg5/ brain are unable
to maintain proper tube architecture and fail to keep the
aqueduct open. This results in obstruction of the ventricu-
lar liquid flow and subsequent hydrocephalus. As in Dlg5
mutants, disruption of intercellular adhesion and disorga-
nization of neural progenitors are responsible for closure
of the aqueduct and severe hydrocephalus in myosin
IIB/ mice (Tullio et al., 2001). In addition, humans and
mice with mutations in cell-adhesion molecule L1 display
closure of the aqueduct and hydrocephalus (Itoh et al.,
2004). Mutation in aSNAP protein, a receptor for the
SNARE complex involved in polarized membrane target-
ing, causes disruption in localization of apical junctional
proteins and results in obstructive hydrocephalus (Chae
et al., 2004). Overall, despite complex genetic causes of
obstructive hydrocephalus, the abnormalities involving
the disruption of adhesion and cell polarity of neural pro-
genitor cells may represent a common cellular defect
responsible for this devastating disease.348 Developmental Cell 13, 338–350, September 2007 ª2007 ECell polarity is critical for proper morphogenesis and
maintenance of epithelial tubes not only in the developing
brain, but also in the kidney. We found that Dlg5/ kid-
neys develop dilation of collecting ducts and formation
of cysts. Themajority of proteins implicated in mammalian
polycystic kidney disease localize to the epithelial junc-
tions and primary cilium, and some of these proteins are
also involved in hydrocephalus (Harris and Torres, 2006;
Taulman et al., 2001). Primary cilium is an apical mem-
brane extension, and cilia retention is likely to require
proper maintenance of epithelial cell polarity. Dlg5/ an-
imals develop early defects in polarized localization of
aPKC, which are followed by the loss of cilia. It is likely
that disruption of cell polarity in Dlg5/ cells affects cilia
maintenance, which results in subsequent epithelial cysts
formation.
In summary, we report a new gene responsible for
mammalian hydrocephalus and renal cysts. We report
that Dlg5 is required for the maintenance of AJs and epi-
thelial cell polarity in mammalian brain and kidneys. Atlsevier Inc.
Developmental Cell
Epithelial Tube Maintenance Defects in Dlg5/ Micethe molecular level, Dlg5 is necessary for cell-surface
delivery and stabilization of cadherin-catenin adhesion
complexes. Finally, we demonstrate that Dlg5 binds to t-
SNARE basolateral vesicle targeting machinery and also
travels with cadherin-catenin-carrying transport vesicles.
We propose that Dlg5 uses its unique N-terminal self-
association domain to tether cadherin-containing trans-
port vesicles to the t-SNARE complex to ensure polarized
membrane delivery of AJ proteins.
EXPERIMENTAL PROCEDURES
Generation of Dlg5/ Mice
The Dlg5 null allele in ES cells was generated by using standard DNA
recombination technology (Hogan, 1994). Chimeras that were gener-
ated from ES cells were crossed to C57/BL6 mice, and the resulting
heterozygous animals were crossed with each other to produce the
Dlg5/ mice. Mouse genotyping was performed by PCR with the fol-
lowing oligos: PGKFwd2, 50-ATTGCATCGCATTGTCTGAGTAGGTG-
30; Dlg5B11, 50-CATGGTGCAATGCAACTTCCTC-30; and Dlg5A14,
50-TGCTACTGCTGCAGAGTCCTCC-30. The wild-type allele of Dlg5
is amplified by the B11-A14 primer pair, and the knockout allele is
amplified by the PGKFwd2-Dlg5B11 pair.
Immunofluorescence, Western Blot Analyses,
Immunoprecipitation, and Antibodies
Immunofluorescent staining, immunoprecipitation, and western blot
analysis were performed as described (Klezovitch et al., 2004). Fixed
and stained, or live, cells were analyzed by using a Zeiss fluorescent
microscope in 0.2 micron Z steps and were deconvoluted by using
Deltavision. Antibodies used were anti-b-tubulin III, anti-b-actin, anti-
GFAP, anti-S100 (Sigma), anti-nestin (Developmental Studies Hybrid-
oma Bank), anti-Ki67 (Novocastra), anti-N-cadherin, anti-ZO1
(Zymed), anti-Rab-11, anti-Rab-5, anti-Rab-8, anti-GM130 (BD Bio-
sciences), anti-EEA1 (AffinityBioreagents), anti-aPKC (Santa Cruz),
anti-Aquaporin-2 (gift from M. Knepper), Dolichos biflorius agglutinin
(Vector Laboratories), anti-Tamm Horstall protein (Biomedical Tech-
nologies), anti-Dcx2 (Chemicon), anti-syntaxin 4 (SYSY), and anti-V5
(Invitrogen). Anti-Dlg5 antibodies were generated in rabbits by using
a GST-Dlg5 fusion containing 204 amino acids (aa) of mouse Dlg5
(aa 1139–1343, GB# AK 147699) (Proteintech Group). Antibodies
were affinity purified by using sequential GST-Sepharose depletion
and GST-Dlg5 affinity purification.
DNA Constructs
The coding sequence of Dlg5, syntaxin 4, and Dlg5 deletion constructs
were generated by PCR, subcloned into pENTRY vector, and subse-
quently transferred into pDestV5 or pDest53 vectors (Invitrogen).
Full-length N-cadherin was cloned into pEGFP-N1 vector to generate
a C-terminal GFP fusion. The Strawberry sequence from pRSET plas-
mid was PCR amplified and N-terminally fused to full-length Dlg5 in
the pCMVSport6 vector. All expression constructs were verified by
sequencing.
Cell Culture and Biochemical Studies
Primary MEFs were isolated and maintained as described (Hogan,
1994). MEFs and HEK293 cells were maintained in DMEM media sup-
plemented with 10% fetal bovine serum, glutamine, nonessential
amino acids, and antibiotics.MEFswere electroporatedbyusingMEF1
reagent (Amaxa). HEK293 cells were transfected by using calcium
phosphate precipitation. MDCK cells stably expressing E-cadherin-
EGFP were cotransfected with Strawberry-Dlg5 and pBabe (puro)
vector and were clonally selected for puromycin resistance and red
fluorescent Dlg5.DevelopmenSteady-State and Pulse-Chase Kinetics of N-Cadherin
Primary neural progenitor cells were isolated by trypsin digestion in the
presence of Ca2+/Mg2+ to preserve transmembrane cadherins (Bonifa-
cino, 1998; Johansson et al., 1999). Cell-surface proteins were labeled
with cell-impermeable biotin (Pierce), followed by inactivation of biotin
label and lysis of the cells. Biotinylated surface proteins were pulled
down with streptavidin beads and analyzed by western blot. Steady-
state cell-surface and total levels of N-cadherin were determined by
western blot with anti-N-cadherin antibodies (Teng et al., 2005). For
pulse-chase analysis of cell-surface delivery of N-cadherin, MEFs
were labeled with 35S-methionine/cysteine for 20 min, washed, and
chased for various times prior to surface biotinylation and lysis. To ob-
tain total and cell-surface levels of N-cadherin, sequential immunopre-
cipitation with anti-N-cadherin antibodies, followed by pull-down on
streptavidin-Sepharose, was used as described (Davis et al., 2003).
Quantitation of junctional levels of AJ proteins in MEFs was performed
as described (Teng et al., 2005).
In Situ Hybridization
In situ hybridization on cryosections was performed as described
(Sciavolino et al., 1997). A 919 bp Dlg5 cDNA fragment was amplified
with primers 50-GTTCTGCAGATGCCCACTTGAGG-30 and 50-CGCAT
GAGATTCCAGAATTGTCC-30, subcloned into a PCR-4-TOPO vector
(Invitrogen), linearized, and transcribed to obtain sense and antisense
RNA probes (Ambion).
BUN Analyses
Blood was collected from mice orbital sinuses and processed by the
Phoenix Central Laboratory (Everett, WA).
Supplemental Data
Supplemental Data include 11 figures and a movie and are available at
http://www.developmentalcell.com/cgi/content/full/13/3/338/DC1/.
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